Chronic use of drugs of abuse results in neurochemical, morphological and behavioral plasticity that underlies the emergence of compulsive drug seeking and vulnerability to relapse during periods of attempted abstinence. Identifying and reversing addiction-relevant plasticity is seen as a potential point of pharmacotherapeutic intervention in drug-addicted individuals. Despite considerable advances in our understanding of the actions of drugs of abuse in the brain, this information has thus far yielded few novel treatment options addicted individuals. MicroRNAs are small noncoding RNAs that can each regulate the translation of hundreds to thousands of messenger RNAs. The highly pleiotropic nature of miRNAs has focused attention on their contribution to addiction-relevant structural and functional plasticity in the brain and their potential utility as targets for medications development. In this review, we discuss the roles of miRNAs in synaptic plasticity underlying the development of addiction and then briefly discuss the possibility of using circulating miRNA as biomarkers for addiction.
Drug addiction is a problem with enormous costs at the individual, familial and societal levels (Volkow & Skolnick 2012) . The current state of treatment for substance use disorders leaves much to be desired. There are currently just 12 FDA-approved medications for any substance use disorder: seven therapeutics are approved for smoking cessation, three for opiate dependence and two for alcohol dependence. Furthermore, of these 12 medications, 8 are considered maintenance or replacement therapies that decrease craving for the drug by mimicking the effects of the drug and as a consequence do not necessarily address the root cause of the disorder (Mattson & Lynch 2013) . There are currently no FDA-approved treatments for illicit psychostimulant addiction.
Chronic drug use results in maladaptive neuroplasticity that underlies development of compulsive drug seeking and vulnerability to relapse, even after protracted abstinence (Kalivas & Volkow 2005) . Targeting this plasticity is seen as a potential point of pharmacotherapeutic intervention (Kalivas & Volkow 2011) . The transition from recreational to compulsive drug use is a hallmark trait in the development of addiction, and understanding the underlying neurobiology of this transition has received a great deal of attention (Kenny 2007) . Extensive experimental efforts have shown that dopaminergic and glutamatergic plasticity within the striatum following extended access to cocaine self-administration contributes to escalation of cocaine intake and development of compulsive-like drug seeking behavior (Chen et al. 2013; Everitt & Robbins 2016; Kenny 2007) . Specifically, corticostriatal glutamatergic projections provide 'top-down' control over drug seeking and modulate initial motivation to seek the drug. During the development of addiction, the prefrontal cortex becomes hypoactive, and disrupted glutamate homeostasis primes this system to show hyperactive responses to drug-associated cues (Chen et al. 2013) . This is also evidenced in human imaging data that show decreased prefrontal-cortical control in response to adverse outcomes (hypofrontality) yet increased subcortical sensitivity to reward (Vaquero et al. 2017) . Initially, drug reward is mediated by the nucleus accumbens (NAc) subregion of ventral striatum (Caine et al. 1995) . However, the dorsal striatum (DS) is thought to play a progressively greater role as drug-seeking transitions from casual to compulsive (Zapata et al. 2010) .
A great deal of attention has been paid to examining synaptic plasticity at multiple levels. Protein modification and trafficking induces structural and functional neuroplasticity within single dendritic spines. For example, relapse to each cocaine, nicotine and heroin causes enlargement of dendritic spine heads, increased AMPA/NMDA (N-methyl-D-aspartate) receptor ratio and activation of matrix metalloproteinase (MMP) activity (Gipson et al. 2013a,b; Kourrich et al. 2007; Shen et al. 2011; Smith et al. 2014) . Local protein synthesis in synapses also regulates relapse following incubation of craving, as inhibition of local translation reduced calcium-permeable -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor currents and metabotropic glutamate receptor (mGluR)-mediated plasticity (Scheyer et al. 2014) . In addition to extensive experimentation examining protein translation, trafficking and activity, genetic and epigenetic regulation of mRNA expression receives a great deal of attention (Heller et al. 2016; Robison & Nestler 2011; Wright et al. 2015) . However, a relatively novel mechanism for bridging the gap between nuclear epigenetic regulation of transcription and synapse-level regulation of translation exists in microRNAs (Kenny 2014) .
MicroRNAs are highly conserved small (∼21-23 nucleotides) noncoding RNAs that bind to complementary regions of 3 ′ untranslated regions (UTRs) in target mRNAs to regulate their stability and translation (Lagos-Quintana et al. 2001; Lai 2002; Lau et al. 2001; Vasudevan et al. 2007) . There are over 500 identified human genes encoding miRNA, and each miRNA is able to affect hundreds to thousands of protein-coding genes. Comparative analysis of humans, mouse, rat and dog genomes showed a high level of conservation of both miRNA and their complementary regulatory sites within mRNA 3 ′ UTRs and estimates that between 20% and 50% of protein-coding genes are targeted by miRNA (Lewis et al. 2005; Ouellet et al. 2006; Xie et al. 2005) . Furthermore, many miRNAs expressed only in specific cell types can often localize to within specific compartments in these cells. The highly pleiotropic nature of miRNAs has received a great deal of attention for their potential as novel pharmacotherapeutic targets in a plethora of disorders in all bodily systems. In this review, we will briefly examine the broad roles of miRNAs in synaptic plasticity, then specifically in drug-induced plasticity, and finally we will discuss novel insights into circulating miRNAs as biomarkers for neuropsychiatric disease.
miRNA biogenesis, localization and degradation
MicroRNA are transcribed by RNA polymerase II and processed into a ∼70 nucleotide stem-loop structure, known as the pre-miRNA, which is then processed by Drosha and exported from the nucleus by a exportin-RanGTP complex. In the cytoplasm the pre-miRNA is further processed by an enzyme called Dicer. This processing step includes unwinding of the duplex into single stranded mature miRNAs (one 5P-miRNA and one 3P-miRNA), and one strand is incorporated with Dicer into an RNA-induced silencing complex (RISC; Fig. 1) . A primary essential component of the RISC is a family of RNA binding proteins called Argonautes. Of the four members of the Argonaute family, Argonaute 2 (Ago2) is unique in that it is able to control mRNA stability by identifying sites of perfect mRNA-miRNA complementarity and degrading mRNAs (Liu et al. 2004; Song et al. 2004) . While Ago2 possesses endonucleolytic activity, numerous studies show that miRNAs very often repress translation in an Ago2-dependent manner without degradation of the mRNA, usually through complementarity between nucleotides 2 and 7 of the mature miRNAs, known as the 'seed region', and the 3 ′ untranslated region of the targeted transcript.
Once the mature miRNA has been generated, there are multiple possible fates. A large number of miRNAs exist in the cytoplasm of neuronal cell bodies, often associated with complexes called processing bodies (PBs) that are known to serve as sites for mRNA storage and degradation (Leung 2015) . Ago2 phosphorylation at serine-387, mediated by p38 mitogen-activated protein kinase (MAPK) or AKT, stimulates translocation of the RISC complex to PBs and increases translational repression (Horman et al. 2013; Zeng et al. 2008) . In addition to PBs, miRNAs frequently localize in processes known as stress granules (SGs), which appear transiently in the cytoplasm in response stressful conditions and contain pools of translationally stalled mRNAs. In the absence of miRNAs following knockout of Dicer, Ago2 still shows enrichment in PBs, but not SGs, indicating that miRNAs are a crucial component of SGs but not PBs (Leung 2015) . miRNAs also play a key role in regulation of local protein synthesis in response to extra-or intracellular signals and can be trafficked to specific subcellular compartments by RNA binding proteins such as the fragile X mental retardation protein (FMRP), as FMRP association with miR-125b and miR-132 is required for their effects on synaptic morphology (Edbauer et al. 2010) . Recent evidence has showed that miRNA can also be packaged into exosomes for extracellular secretion to affect neighboring neurons or other tissues through the circulatory system. This is a novel mechanism of action for miRNA that this review will only briefly discuss.
miRNAs in synaptic plasticity
Synaptic plasticity is broadly defined as the ability of synapses to strengthen or weaken over time in response to the amount of stimulation they receive. This plasticity can be divided into two categories: structural and functional plasticity. Structural plasticity refers to events that fundamentally change the number or structure of neurons, such as neurogenesis, neurite outgrowth and enlargement or shrinking of dendritic spines (Robinson & Kolb 2004) . Functional plasticity refers to changes in the electrophysiological synaptic strength or chemical signaling occurring within neurons, such as changes in AMPA/NMDA receptor ratio or the slope of field potentials in long-term potentiation (LTP) or depression (Sweatt 2016) . miRNAs have been heavily implicated in both forms of synaptic plasticity, and many specific brain-enriched miRNA are tightly temporally controlled following stimulation paradigms that elicit LTP or depression, leading to the hypothesis that miRNA coordinate changes in protein expression underlying different phases of these changes (Ye et al. 2016) . For the purposes of this review we will focus on miRNAs that have established roles in both general synaptic physiology and drug-induced plasticity.
One of the most studied miRNA in the context of synaptic plasticity has been miR-132, a cyclic-adenosine 5́-phosphate (cAMP) response element binding (CREB) induced miRNA that is enriched in neurons (Nudelman et al. 2010) . Neuronal stimulation upregulates miR-132 in a CREB-dependent manner (Nudelman et al. 2010) . In cultured cortical neurons miR-132 is required for CREB-mediated dendritic growth and spine formation, as well as for the neurotrophic effects of brain-derived neurotrophic factor (BDNF; Fig. 1 ) (Magill et al. In drug-naive animals (left), an RISC is targeted to specific mRNA based on complementarity between its microRNA and the 3 ′ UTR of mRNA. This interaction suppresses translation of the mRNA. In animals repeatedly exposed to drugs of abuse, microRNAs that target pro-plasticity proteins may become downregulated, or synaptic stimulation may cause dissociation of the miRNA-mRNA complex. A number of plasticity-related proteins have been shown to undergo activity-dependent translation that is regulated by microRNAs. Examples showed above are (1) BDNF expression is acutely upregulated in the accumbens in response to cocaine, possibly because of downregulation of miR-495 and disinhibition of BDNF translation. Brain-derived neurotrophic factor is then able to signal through its receptor, TrkB, to stimulate dendritic spine expansion and synaptic plasticity (Bastle et al. 2017) . (2) CaMKIIa is similarly targeted by miR-495, and its expression is upregulated in response to acute cocaine (Bastle et al. 2017) . CaMKII may phosphorylate serine-845 of GluA1 AMPA receptors, driving calcium-permeable receptors into the synapse. (3) In addition to drug-induced miRNA downregulation, strong neural activity may cause dissociation of miRNA-mRNA complexes. Group 1 mGluR stimulation occurs with cue-induced reinstatement of cocaine seeking , and causes dissociation of miR-132 from MMP-9 mRNA (Jasinska et al. 2015) . Matrix metalloproteinase-9 is an extracellular protease that signals through integrins to stimulate spine enlargement and insertion of CP-AMPARs . (4) Integrins are direct targets of miR-124 and miR-132 and are upregulated in response to cocaine (Chandrasekar & Dreyer 2011; Wiggins et al. 2011) . Integrins can signal through multiple kinases (e.g. integrin-linked kinase) to phosphorylate cofilin and stimulate actin polymerization and dendritic spine enlargement. It is important to note that while this depicts miRNA downregulated by cocaine, this is often region or miRNA-specific, and many other miRNA are upregulated, suppressing their own gene networks. Acronyms: CaMKII, calmodulin-dependent kinase 2; CP-AMPAR, calcium permeable AMPA receptor; RGD, arginine-glycine-aspartic acid; TRBP, TAR RNA binding protein.
2010; Vo et al. 2005 ). Brain-derived neurotrophic factor itself exerts its effects through the TrkB and p75 receptors and can affect various intracellular signaling cascades such as the phsophoinositide-3-kinase (PI3K), phospholipase-C (PLC), MAPK, as well as CREB Li et al. 2012; Numakawa et al. 2009 ). Furthermore, glucocorticoids suppress miR-132 expression and the cellular effects of BDNF (Kawashima et al. 2010) . Consistently, inhibiting miR-132 signaling causes inhibition of ocular dominance plasticity in vivo in mice following monocular deprivation (Mellios et al. 2011) . In depth examination of this ocular dominance plasticity supported a role for miR-132 in dendritic spine head development; i.e. miR-132 inhibition led to more immature filopodia and less mushroom-type spine heads. In human patients, miR-132 has been implicated in disorders of hyperexcitability through examination of patients with intractable temporal lobe epilepsy, as tissue surgically removed from the temporal lobe contained increased miR-132 and phosphorylated CREB (Guo et al. 2014) .
Several interesting targets of miR-132 have been implicated in its role in synaptic plasticity. Most recently, miR-132 has been shown to regulate the morphology of dendritic spines in the hippocampus through direct targeting of mRNA encoding MMP-9 ( Fig. 1) , an extracellular matrix-remodeling enzyme that is critical for long-term memory as well as addiction (Nagy et al. 2006; Smith et al. 2014; Wright et al. 2003) . Matrix metalloproteinase-9 mRNA is part of an FMRP complex at synapses and undergoes local translation in response to neuronal activity (Dziembowska et al. 2012; Janusz et al. 2013) , and MMP-9 expression and activity are upregulated in FMR1 knockout mice . miR-132 seems to be involved in the regulation of this activity-dependent translation, as application of the mGluR1/5 agonist 3,5-dihydroxyphenylglycine increases miR-132 in a free messenger ribonucleoprotein complex, suggesting it has dissociated from MMP-9 mRNA and released translational repression (Jasinska et al. 2015) .
A second miRNA in the same family as miR-132 is miR-212. The two are encoded by the same intron of a noncoding gene and are typically coexpressed. Furthermore, they have identical seed regions and thus have similar predicted targets (Tognini & Pizzorusso 2012) . Many studies have examined the role of miR-132/212 together in synaptic plasticity. Cre-mediated deletion of both miRNA results in reduction in dendritic length and complexity in granule cell neurons in the hippocampus (Magill et al. 2010) , and a constitutive double knockout shares this phenotype, as well as reduced synaptic transmission and enhanced theta burst-induced LTP (Remenyi et al. 2013) .
In addition to miR-132/212, a handful of other miRNA have well-established roles in synaptic plasticity (Ye et al. 2016) . miR-124 is a brain-enriched miRNA that is heavily implicated in neuronal development by acting as a molecular switch encouraging mRNA splicing of brain-specific mRNA (Makeyev et al. 2007 ). In the adult brain, miR-124 remains one of the most highly expressed miRNA and has established roles in neuronal physiology and plasticity (Chandrasekar & Dreyer 2009; Rajasethupathy et al. 2009 ). Serotonin (5HT), a neuromodulatory transmitter that is important for memory, rapidly downregulates miR-124 through MAPK signaling. This downregulation of miR-124 was required for induction of CREB activity and signaling and LTP. Contrarily, artificially enhancing miR-124 activity reduced excitory postsynaptic potential slope following electrical stimulation inducing long-term facilitation in Aplysia (Rajasethupathy et al. 2009 ). miR-124 targets the 3 ′ UTR of a protein that has been implicated in human learning and memory called intelligence quotient motif containing GTPase activating protein 1 (IQGAP1), and a single nucleotide polymorphism that deletes the miR-124 binding site is associated with better task performance (Yang et al. 2014) . In the hippocampus of IQGAP1 knockout mice, surface expression of the NR2A NMDA receptor subunit is decreased and NMDA receptor-mediated extracellular-signal related kinase (ERK) signaling is impaired, as well as LTP and contextual fear conditioning (Gao et al. 2011) . miR-124 also affects local translation of GluA2 AMPA receptor subunits in the hippocampal cultures by direct targeting of the GluA2 3 ′ UTR, and overexpression of miR-124 downregulates GluA2 expression by approximately 30% (Ho et al. 2014) . GluA2 is the calcium-gating subunit of AMPA receptors, and insertion of GluA2-lacking receptors is a mechanism of increasing synaptic strength. Thus, suppression of GluA2 translation by miR-124 may play a role in LTP by promoting formation of GluA2-lacking AMPA receptors.
In a triple-transgenic mouse model of Alzheimer's disease in which presinilin-1 (PS1), Tau and amyloid beta precursor protein are altered, miR-181 expression is increased in the hippocampus in an age-dependent manner and functions to decrease expression of the deacetylase sirtuin-1 as well as the immediate early gene c-Fos. Sirtuin-1 has been implicated in plasticity a number of times and is also targeted by miR-132 (Gao et al. 2010; Rodriguez-Ortiz et al. 2014; Zhang et al. 2014) . A loss-of-function mutation in SIRT1 protein in mice causes upregulation of miR-134 and downregulation of CREB and BDNF. Furthermore, these mutant mice show decreased synaptophysin immunoreactivity in the hippocampus, indicating decreased synapse number (Gao et al. 2010) .
miRNA in drug addiction

Cocaine
Cocaine exerts its effects primarily through blockade of the dopamine transporter, thus increasing synaptic dopamine transmission (Bozarth & Wise 1986) . Subsequent increases in dopamine receptor stimulation in the ventral striatum mediate the acute rewarding effects of the drug (Giros et al. 1996) . The striatum is composed primarily of medium spiny neurons (MSNs; ∼90-95% of neurons) (Graybiel 1991) . These cells can be broadly subcategorized by their genotypic expression patterns and neuroanatomical projections. One population of MSNs coexpresses the G s or G olf coupled D1 receptor and prodynorphin, and project to the substantia nigra pars reticulate (SNpr) and internal portion of the globus pallidus. This is called a 'direct pathway', because the MSNs innervate neurons that directly exit the basal ganglia. A second population of MSNs coexpresses the G i -coupled D2 receptor and enkephalin, and project to the external portion of the globus pallidus, then to the subthalamic nucleus and finally to the internal globus pallidus (Hersch et al. 1995; Yung et al. 1996) . This is called the indirect pathway because of its polysynaptic path out of the basal ganglia. The stimulatory nature of the direct pathway and the inhibitory nature of the indirect pathway over locomotion, and also over reward-related behaviors, provide the basic mechanism by which the balance of these two circuits modulates the flow of information through the basal ganglia (Schmidt 1995) .
Increases in cAMP production by D1 receptor stimulation causes activation of downstream protein kinases such as protein kinase A, which in turn phosphorylates CREB at serine-133 to exert effects on gene expression (Kano et al. 1995) . Infusion of cAMP analogs directly into the NAc causes an increase in CREB phosphorylation and cocaine self-administration, and shifted the cocaine dose-response curve to the right, indicating that CREB activity may decrease the reinforcing properties of cocaine (Self et al. 1998) . In 2010 our lab produced data showing that extended (6 h/day) access to cocaine self-administration produced an increase in CREB phosphorylation in the DS and that this effect was amplified by overexpression of miR-212. Consistent with CREB activation attenuating the reinforcing effects of cocaine, miR-212 overexpression reduced cocaine self-administration selectively in animals with extended access to the drug, but not restricted (1 h/day) access . This effect was mediated by miR-212 suppression of SPRED1, an endogenous inhibitor of Raf1. This increased Raf1 activity and induced sensitization of adenylyl cyclase activity and increased cAMP production, further leading to increased PKA activity and finally CREB phosphorylation. Conversely, we also showed that inhibition of miR-212 via infusion of a locked nucleic acid (LNA) antisense sequence against the full mature miR-212 augmented cocaine self-administration, showing that miR-212 can bidirectionally control compulsive-like cocaine intake under extended access conditions . Interestingly, a recent report has showed that both miR-212 and miR-132 are increased in the striatum following short access to cocaine and that this effect is apparently after 10 days of cocaine self-administration and is also persistent through at least 10 days of abstinence (Sadakierska-Chudy et al. 2017) .
Further support for miR-212 in addiction has been shown by two recent publications by Quinn et al. Initially, they showed that miR-212 is downregulated in the dorsomedial striatum (DMS) of addiction-prone rats, but not of addiction-resistant rats. It is notable that it was the only miRNA that was downregulated in these rats, while both miR-101b and miR-431 were upregulated. The effect of miR-212 was specific to the DMS and was not apparent in the dorsolateral striatum (DLS). Interestingly, miR-212 family member miR-132 was upregulated specifically in the DLS, but not the DMS striatum of the same addiction-prone rats. The effects of miR-101b and miR-431 were not subregion-specific, as they occurred in both areas (Quinn et al. 2015) . These data support the work by Hollander et al., showing that increased miR-212 in the DS leads to increased cocaine intake . In a follow-up study, Quinn et al. then examined the effects of extinction training and reinstatement testing on microRNA expression in both the dorsal and ventral striatum. They found that following reinstatement, addiction-prone rats had increased levels of miR-101b, miR-137, miR-212 and miR-132 in the NAshell, and miR-137 in the DLS. Furthermore, the decrease in miR-212 in DMS of addiction prone relative to resilient animals was still apparent following reinstatement, indicating it may be a long-lasting change induced by cocaine exposure (Quinn et al. 2017) .
A second interesting target for miR-212 in the striatum is the epigenetic regulator methyl CpG binding protein 2 (MeCP2). Mutation of the MeCP2 gene is the primary cause of Rett syndrome (Bienvenu et al. 2000) and has been the focus of many studies examining its role in learning, memory and executive function (Moretti et al. 2006) . MeCP2-null mice show decreased tyrosine hydroxylase (TH) immunoreactivity and dopaminergic tone in the striatum (Panayotis et al. 2011) . Furthermore, MeCP2 is broadly implicated in addiction, as repeated cocaine injections increase its expression in the DS, among other regions (Cassel et al. 2006) . MeCP2 acts as a transcriptional repressor through recruitment of histone deacetylases to methylated DNA segments (Bird 2002) . However, more recently its function as a transcriptional activator has come to light, partly through CREB interactions (Chahrour et al. 2008) . Our lab has showed that MeCP2 can repress expression of miR-212. Interestingly, MeCP2 is upregulated in animals with extended access to cocaine compared with restricted access rats, and knock down of striatal MeCP2 decreases the reinforcing value of the drug . Following extended access to cocaine self-administration, MeCP2 knockdown results in exacerbated miR-212 upregulation, and increased miR-212 signaling is thought to explain the decreased cocaine intake observed in rats after MeCP2 knockdown . Intriguingly, MeCP2 itself is a target for miR-212. This suggests that MeCP2 and miR-212 homeostatically regulate expression of each other. Viola et al. (2016) showed that MeCP2 is upregulated following cocaine conditioned place preference (CPP), and this is accompanied by a decrease in miR-212 expression (Viola et al. 2016) .
Most recently, Bastle et al. uncovered an important role for the striatal-enriched miR-495 in the NAc as an important regulator of motivation for cocaine intake (Bastle et al. 2017) . The authors showed that this miRNA is quickly downregulated in response to an acute injection of cocaine. Using luciferase reporter assays, they showed that miR-495 targets mRNA encoding BDNF, CaMKIIa and Arc, three genes previously known to be important for addiction (Anderson et al. 2008; Berglind et al. 2009; Hearing et al. 2011) . Then they verified that these proteins are upregulated by an acute injection of cocaine, at the same time point that miR-495 is downregulated, indicating that suppression of the miRNA by cocaine alleviated inhibition of protein translation. Overexpression of miR-495 attenuated acute cocaine-induced upregulation of BDNF and CaMKIIa mRNA and reduced motivation for cocaine during progressive ratio testing. Furthermore, miR-495 reduced responding during the first 3 days of extinction training and attenuated cocaine-primed reinstatement (Bastle et al. 2017) .
Expression patterns of several other miRNA are also regulated by cocaine exposure. Two weeks of daily experimenter-administered cocaine, miR-124a and let-7d are both reduced in the DS, whereas miR-181a is increased in the accumbens, prefrontal cortex and hippocampus. Interestingly, these miRNA are predicted to target a large number of genes that have been previously implicated in cocaine addiction, such as CREB, BDNF, the GluA2 subunit of AMPA receptors, mGluR5 receptors and the 1 subunit of integrin cell-adhesion receptors (Fig. 1) (Boudreau & Wolf 2005; Chandrasekar & Dreyer 2009; Conrad et al. 2008; Hollander et al. 2010; Moussawi et al. 2009; Wiggins et al. 2011) . Manipulation of the expression of these miRNA within the NAc is able to bidirectionally control cocaine CPP after extinction training. That is, overexpression of miR-124 or let-7 attenuated CPP, whereas their inhibition augmented this preference. Conversely, overexpression of miR-181a augmented cocaine CPP, whereas its inhibition attenuated CPP (Chandrasekar & Dreyer 2011) .
As mentioned previously, the striatum is comprised of two major cell types that act in opposition of each other: striatonigral MSNs that express the D1 receptor, and striatopallidal neurons that express the D2 receptor. A major question left unanswered is which cell type these microRNAs act within to exert their effects over cocaine reinforcement. Schaefer et al. began to broadly answer that question by generating a mouse line in which Ago2 is selectively knocked out in D2-expressing neurons, hypothetically abolishing miRNA signaling within these cells. Under these conditions, knockout mice self-administer significantly less cocaine than wild-type littermates. Furthermore, the mutant mice have impaired cocaine CPP, consistent with the hypothesis that the drug is less rewarding without the presence of Ago2. Interestingly, in contrast with Dicer knockout mice that are not viable, Ago2 knockout mice had no impairments in normal operant learning, sucrose preference or cocaine-induced hyperlocomotion (Schaefer et al. 2010) .
Alcohol
While the vast majority of attention regarding miRNAs in addiction has been paid to cocaine, there is also some literature regarding miRNA contributions to alcoholism. While the effects of alcohol on miR-212 have not been examined, a peripheral effect linking these two has been determined. In patients with alcoholic liver disease (ALD), there is an upregulation of miR-212 in the colon that underlies decreased expression of Zona Occludens-1 (ZO-1). This causes disruptions of tight junctions within the gut, allowing intestinal permeability, endotoxin leakage into circulation and the progression of ALD (Tang et al. 2008) . miR-9 is a brain-enriched miRNA that is upregulated in the striatum following exposure to alcohol that regulates neuronal responses to alcohol through alternative splicing of BK channels. These Ca2+ and voltage-gated K+ channels contribute to neuronal excitability, and their expression is downregulated by alcohol. miR-9 controls tolerance to alcohol by targeting the 3 ′ UTR of a specific splice variant with increased sensitivity to alcohol. By decreasing the expression of this splice variant, the channels sensitivity to alcohol is decreased (Pietrzykowski et al. 2008) .
Following 2 weeks of voluntary ethanol drinking in rats, miR-124 expression is downregulated, and protein expression of its target BDNF is upregulated in the dorsolateral, but not DMS. Overexpression of miR-124 enhances ethanol-induced CPP, whereas siRNA knockdown of miR-124 attenuates this CPP. Consistently, overexpression of BDNF also attenuates ethanol CPP. Furthermore, overexpression of miR-124 increases ethanol consumption during a two-bottle choice paradigm, whereas BDNF overexpression or miR-124 knockdown decreases alcohol consumption (Bahi & Dreyer 2013) . A second microRNA that regulates BDNF expression, miR-206, is also altered by chronic alcohol exposure in rats. Tapocik et al. showed upregulation of miR-206 specifically in the medial prefrontal cortex (mPFC), but not the ventral tegmental area (VTA), amygdala or NAc, following 3 weeks of withdrawal from chronic ethanol exposure (Tapocik et al. 2014) . Furthermore, viral overexpression of miR-206 in the mPFC recapitulated escalation of alcohol self-administration in nonchronically exposed rats, and also caused a decrease in BDNF expression. Together, these data form a causal link between miR-206 expression and function and the development of alcohol dependence-like behaviors (Tapocik et al. 2014) .
Opiates
The miRNA let-7 downregulates expression of the mu opioid receptor (MOR) through binding to its 3 ′ UTR, and morphine upregulation of let-7 expression contributes to opioid tolerance via downregulation of the receptor (He et al. 2010; He & Wang 2012) . Chronic morphine treatment decreased Ago2 expression in the VTA, whereas naloxone-precipitated withdrawal induced an upregulation of Ago2. However, the expression of miR-133b, which has previously been shown to be enriched in TH-expressing dopaminergic midbrain neurons, was not altered (Garcia-Perez et al. 2015) . Morphine downregulates the expression of miR-27a, which directly targets the 3 ′ UTR of Serpini1 (also called Neuroserpin), a protein previously implicated in dendritic spine development. Surprisingly, miR-27a targeting of Serpini1 serves as a translational activator (Borges et al. 2010; Tapocik et al. 2016) . Translational activation by miRNA binding occurs when AU-rich motifs near miRNA binding sites enhance translation, although the mechanism by which this happens is not understood (Vasudevan et al. 2007) . Mu opioid receptors also regulate miR-190 in a manner that is agonist-dependent. That is, fentanyl, but not morphine decreases miR-190 in the rodent hippocampus. This is because of fentanyl's ability to stimulate beta-Arrestin signaling through the MOR, which stimulates ERK phosphorylation of Yin Yang 1 (YY1) and transcription of talin2 (Zheng et al. 2010) .
Only a single study has examined the effects of selfadministered morphine on miRNA expression. Tapocik et al. examined two strains of mice, C57BL/6J and DBA/2J, comparing mice that actively self-administered morphine with mice that had passive morphine infusions yoked to self-administering counterparts. They found that in C57BL6/J mice there were over 200 genes regulated specifically by morphine self-administration in the ventral striatum, and over 100-altered genes in the ventral mesencephalon. Interestingly, <3% of these genes were also altered in DBA/2J mice (Tapocik et al. 2013) . Standout miRNA that were changed in both strains included miR-675 and miR-154. miR-675 has been implicated in dopaminergic neuronal differentiation, while miR-154 targets the 3 ′ UTR of the MOR (Tapocik et al. 2013) .
Most recently, Yan et al. (2017) showed that chronically administered heroin reduces miR-218 expression in the accumbens (but not the hippocampus or PFC), and virally rescuing this expression decreases heroin self-administration. Many plasticity-related genes that were predicted targets of miR-218 were upregulated, including Gabrb3, GluR2, Ube3a, Nrxn1, Gng3 and Mecp2. The authors went on to perform a luciferase reporter assay and quantitative polymerase chain reaction (qPCR) to verify that MeCP2 is a bona fide target of miR-218 (Yan et al. 2017) .
Nicotine
Nicotine, the primary psychoactive component of tobacco, induces coordinated changes in gene expression for many genes related to synaptic plasticity that underlie the development of nicotine addiction. However, contributions of miRNA to nicotine-induced plasticity have only been recently studied (Dreyer 2010) . In 2009, Huang and Li published the first two papers on the topic. First, they showed that miR-140-5P targets the 3 ′ UTR and decreases expression of the gene encoding Dynamin-1, a protein involved in protein endocytosis that binds to the 2 subunit of the 4 2 nicotinic acetylcholine receptors (nAChR), a crucial receptor in the brain for nicotine reward (Huang & Li 2009b ). In the second paper, they show that miR-504 directly targets the 3 ′ UTR of the dopamine D1 receptor and that this targeting upregulates expression of the receptor (Huang & Li 2009a ).
Circulating miRNA as biomarkers for addiction
The vast majority of miRNA are found intracellularly, however, a significant number of miRNAs have been observed in the extracellular environment, including the bloodstream. Given the presence of ribonucleases in serum and other bodily fluids, it is quite surprising to find stably expressed RNAs of any type here, indicating that they must be protected somehow, possibly by a lipid vesicle (Etheridge et al. 2011 ). Indeed, 40-100 nm diameter lipid exosomes have been described as vesicles that are released into the extracellular space to deliver their content to neighboring cells, sometimes being released from neurons in response to depolarization, and targeted to specific cell types depending on the expression profile of surface proteins (Goldie et al. 2014; Zhang et al. 2015) . Although the mechanisms of miRNA packaging into exosomes and intercellular delivery is not well understood, this discovery has led to significant attention paid to circulating miRNAs as biomarkers for disease. At the time of this publication, a PubMed search for 'circulating miRNA cancer', returns 1367 results. A search for 'circulating miRNA addiction' produces only a single result, although more diligent searching does uncover some interesting information, primarily regarding nicotine and alcohol. It is important to note the difficulty of interpretation of results from studies measuring circulating miRNAs. Many pathological states can result in migration of cell populations (such as leukocytes) from endothelium-attached to freely circulating states, or between intrastitial and intravascular compartments (Muller 2014) . Thus, changes observed in circulating miRNA are potentially because of more broad immune activation or cellular migration. This is an important caveat that should be considered when designing experiments or considering therapeutic value of these results. Techniques to isolate exosomes and specifically measure noncellular circulating miRNAs, or examining correlation of circulating miRNAs with leukocyte counts, would help to address this caveat.
In a relatively small study of Japanese smokers vs. nonsmokers, 44 of 66 miRNA detected in plasma were significantly different between the two groups. Forty-three of those miRNA were significantly increased in smokers, while only miR-188-5P was decreased compared with nonsmokers. This was a reversible change, as subjects who had quit smoking had similar plasma miRNA profiles as nonsmokers. Interestingly, the effect of smoking may not be directly attributed to nicotine, because one patient who had quit smoking but used a nicotine patch had a similar plasma miRNA profile to nonsmokers (Takahashi et al. 2013) . A second larger study conducted in the UK detected a significant increase in circulating miR-124 in smokers compared with nonsmokers and ex-smokers. They also detected a significant difference in let-7a, but only in smokers compared with ex-smokers, and not compared with nonsmokers. The discovery of miR-124 as a circulating miRNA is quite interesting because it is a neuron-specific miRNA, indicating that it is being actively secreted from neurons into the bloodstream (Banerjee et al. 2015) .
Acute ethanol consumption (blood concentration 113 mg/dl) results in a modest (approximately twofold) increase in miR-122 concentration in serum. miR-122 is of particular interest because it is considered an early biomarker for liver injury, for example, acetaminophen toxicity produces 100-10 000-fold increase in serum miR-122 (McCrae et al. 2016) . A second study looking at the effects of alcohol use during pregnancy showed that at the time of birth, women who reported 1 or more binge drinking episode, or ≥3 drinks per week during pregnancy had an altered miRNA circulation profile compared with women who did not report drinking during pregnancy. Fifty-five miRNAs were significantly altered between the two groups, 46 of which were elevated, and 9 were downregulated. Pathway analysis highlighted miRNA known to bind to genes related to alcohol use and plasticity such as BDNF, ERK1/2, PI3K, Akt, etc. (Gardiner et al. 2016) .
A single paper has examined the expression profiles of circulating miRNA in patients with methamphetamine use disorder (MUD). They found that in 124 patients with MUD, miR-181a, miR-15b, let-7e and let-7d were each decreased compared with in normal controls. Further study is needed to determine whether circulating miRNA expression is also detected in patients diagnosed with substance use disorder for other psychostimulants, but these may be a promising new biomarker for drug addiction (Zhao et al. 2016) .
Therapeutic potential of miRNA manipulation
Although the first mammalian miRNA was only discovered less than two decades ago (Reinhart et al. 2000) , their pleiotropic nature of regulating protein expression was rapidly recognized as a potentially powerful pharmacotherapeutic target in a huge number of disorders. While none of these compounds have been tested in clinical trials for neuropsychiatric disorders, we may be able to look to other fields for a glimpse into the future of potential therapeutics. miRNA-based therapeutics can be separated into mimics and inhibitors (anti-miRs) of the endogenous miRNA (Rupaimoole & Slack 2017) . Very talented chemists have already created a huge number of variations of these compounds, considering how recently miRNA were discovered. Currently registered on clinicaltrails.gov are dozens of trials administering either microRNA mimics or anti-miRs. Most notably, there are three microRNA mimic delivery strategies being tested in phase 1 for safety for a scleroderma (miR-29), mesothelioma (miR-16), and multiple solid tumor syndrome (miR-34) . Additionally, there are four notable anti-miRs currently being investigated in the clinic. Current antisense oligonucleotides against microRNA have been modified into 'LNA' structures, protecting them from RNAse degradation and allowing insertion into membranes and delivery to intracellular compartments. Most notably, Miraversen, by Santaris Pharma, is an LNA-anti-miR-122 and is showing promising results against hepatitis virus C. The drug has completed phase IIa trials and is currently being investigated in multicenter phase IIb trials. Regulus Therapeutics is also developing an anti-miR-122, although their compound relies on N-Acetylgalactocosamine (GalNAc) conjugation to anti-miR-122, rather than a LNA conformation. This compound is also currently in phase 2. A second GalNAc-conjucated antimer from Regulus Therapeutics, against miR-103/107, is currently in phase 2 trials for type 2 diabetes and nonalcoholic fatty liver disease.
Conclusions
MicroRNAs are highly pleiotropic epigenetic regulators of gene expression that are able to coordinate the expression of hundreds of genes in response to internal and external stimuli. Many miRNAs have been implicated in synaptic plasticity and drug addiction, and neuron-specific miRNAs have been shown to be secreted into the bloodstream in response to at least one drug of abuse (tobacco), indicating that these may have potential as biomarkers for addiction in the future. Furthermore, a great deal of attention has been paid to miRNA for development of novel pharmacotherapeutics, and these may represent a novel target for treatment of drug addiction and other neuropsychiatric diseases.
